IntroDuctIon
Recent reports provide strong evidence for the contribution of nonmalignant stromal cells to the development of tumors [1] [2] [3] [4] [5] . Tumors actively recruit stromal cells and these cells facilitate tumor growth [6] [7] [8] [9] [10] . A metastatic cancer cell can only grow out to be an established metastasis when it successfully completes each of the sequential and interrelated steps of the metastatic cascade. Each of these steps can be rate limiting, and the failure to complete a step can abrogate the entire process 11 . Host-derived nonmalignant stroma may increase the efficiency of this complex system 12, 13 . Metastatic cells can reside in the lungs awaiting oncogenic activation 14 , or they can home to pre-existing 'niches' created by inflammation and immune cell or fibrocyte accumulation [15] [16] [17] [18] . In addition, it has been shown that metastatic cells can proliferate intravascularly before extravasation into the lung tissue 19 . Cancer cell clumping and embolus formation in blood circulation may increase metastasis 11, [20] [21] [22] [23] . However, the clumps may also be fragments consisting of cancer cells and 'passenger' stromal cells carried over from the primary site.
The parabiosis model, in which two mice share the same circulation, may be used for a variety of studies of metastasis, such as tumor metastasis from one parabiont to another, or the role of circulating inflammatory cells or stem cells in the process 11, 24 . However, previous parabiosis models were not ideal for the study of metastasis by large tumor-stromal cell clumps. Therefore, we have recently developed the transient parabiosis technique described in this protocol in which a large skin flap is transplanted. We have found that the host-derived cells increase cancer cell viability in circulation; they also serve as a provisional stroma in the secondary site and increase cancer's metastatic efficiency 13 .
Overview of the technique
Previously, it has been shown that GFP and RFP (dsRed) could be used to color-code tumor and stroma in vivo 25, 26 . This protocol describes an experiment for studying the involvement of stromal cells in a spontaneous metastasis formation model. The experimental design is depicted in Figure 1 . In the parabiosis skin transplant model, we first generate a mouse chimera by reconstituting the bone marrow of GFP-expressing Actb-GFP/C57BL/6 mice with nonfluorescent (wild-type (WT)) bone marrow cells from C57BL/6 mice. This is necessary to exclude from the analysis GFP + hematopoietic cells, which may be in the blood circulation during parabiosis. To this end, Actb-GFP/C57BL/6 mice are lethally irradiated using a dose of 12 Gy to the whole body in two fractions of 6 Gy 24 h apart. Then, the mice are rescued with a bone marrow transplant (BMT) from a nontransgenic (WT-C57BL/6) mouse. After 1 or 2 months, the reconstitution of the bone marrow is confirmed with flow cytometric analysis (i.e., chimerism of over 95%), using cells from non-GFP mice as controls. Next, the BMT-WT-ActbGFP and WT-C57BL/6 mice are parabiosed. The parabionts are conjoined for 3 weeks to establish a shared circulation and to ensure blood supply of the transplant from the recipient. Upon surgical separation, the large Actb-GFP skin transplant in WT mice is left to heal for 1-2 weeks before the implantation of red fluorescence-labeled tumor cells. The cancer cells in the transplanted Actb-GFP skin will generate primary tumors with GFP + host-derived cells. Two to three weeks later, the GFP + passenger stromal cells can be visualized in the lungs via multiphoton or confocal microscopy. Lung tissues from mice bearing non-GFP-labeled tumors are used as controls.
Comparison with other techniques
Several in vitro assays have been developed to study host-tumor cell interactions related to progression and invasion, including two complementary protocols from our group [27] [28] [29] [30] . As an alternative to growing primary tumors in previously transplanted Actb-GFP skin, one can use transplantation of tumor fragments that were originally grown in an Actb-GFP expressing mouse. In this tumor fragment graft model, tumor cells are first implanted subcutaneously in Actb-GFP-expressing mice and allowed to grow to a size of 6 mm in diameter. Then tumors are collected, fragmented into 1 × 1 mm pieces, and subsequently implanted in syngeneic WT (nontransgenic) recipient mice 31 . The advantage of this technique is the lack of circulating cell contamination in the model. The primary limitation of this technique is the discrepancy of doubling times between cancer and stromal cells, which results in A transient parabiosis skin transplantation model in mice parabiosis-conjoined surgery to provide a shared circulation between two mice-has been previously developed to study the hematopoietic system. this protocol describes the use of parabiosis for efficient transplantation of skin from a transgenic to a wild-type mouse. It can be used to study the role of stromal cells in a spontaneous model of distant cancer dissemination (metastasis). We have recently shown that primary tumor-derived stromal cells may facilitate metastasis by providing a provisional stroma at the secondary site. studying the role of primary tumor-derived stroma cells requires methods for distinguishing and targeting stromal cells originating from the primary tumor versus their counterparts in the metastatic site. parabiosis may also be used, taking advantage of the shared circulation between the parabiosed mice, to study tumor metastasis from one parabiont to another, or to investigate the role of circulating inflammatory cells or stem cells. studying the role of stromal cells in metastasis using this model typically takes up to 11 weeks.
rapid tumor growth with recruitment of mouse (nonfluorescent) stromal cells and depletion over time of the original GFP + stromal cells from the transplanted fragment. This limits the ability to study the stromal cells during metastasis using GFP as a marker.
Selecting the appropriate experiment(s) for studying metastasizing stromal cells We developed this spontaneous metastatic model to visualize passenger stromal cells that originate from the primary tumor in metastatic nodules. We have used this model-together with an isolated tumor perfusion model and a spontaneous metastases model where we can selectively deplete carcinoma-associated fibroblasts 29, 30 -to unravel the role of passenger fibroblasts in tumor metastasis to the lungs 13 . In order to select the appropriate technique for future studies, one should carefully consider which step of the metastatic process is of interest. Using the isolated tumor perfusion model, one could study tumor shedding and quantify the result of treatments or genetic manipulation in this specific step of metastasis 30 . The parabiosis skin transplantation model described here mimics the steps of spontaneous metastases from tumor shedding up to the outgrowth of micrometastases, taking advantage of the fluorescent labeling of the passenger stromal cells. Last, to facilitate depletion of the stromal compartment of the tumor microenvironment without affecting other organs, we developed a model of selective depletion of human carcinoma-associated fibroblasts 29 . The key advantage of this protocol over other existing methods is that one gains the ability to image in vivo the passenger stromal cells during various steps of metastasis by using fluorescent tumor stroma in a nontransgenic mouse. One limitation is that many of the current examples are ectopic tumor metastasis models. Another limitation is that the main focus is on mesenchymal stromal cells (over immune cells, e.g., monocyte/macrophages, which are largely excluded from analysis in the BMT model).
List of applications of the parabiosis skin transplantation model for metastasis
The parabiosis model can be used to generate a large skin transplant from a syngeneic donor that can be genetically different from the recipient. Possible modifications could be knockdown or overexpression of certain genes, or gender mismatch. In this protocol, we focus on the role of stromal cells in metastases; however, other tumor stromal cells could potentially be studied using this protocol. + stromal cells will be recruited, which can be visualized during spontaneous metastases. Reproduced with permission from ref. 13 . All animal procedures were performed according to the guidelines of public health service policy on humane care of laboratory animals and in accordance with an approved protocol by the Institutional Animal Care and Use Committee of MGH. proceDure Bone marrow transplantation 1| Calculate the necessary number of mice for the experiment. Lethally irradiate the mice using 12 Gy in two fractions. Start on day 1 with a dose of 6 Gy to the whole body of Actb-GFP/C57BL/6 mice.  crItIcal step During parabiosis, the donor and recipient share a common circulation. To prevent GFP + circulating hematopoietic cells from the donor from confounding the results after separation of the parabionts, the donor must receive a WT BMT at least 4 weeks before conjoining. ? trouBlesHootInG 2| On the next day, repeat the whole-body irradiation as in Step 1. ? trouBlesHootInG 3| On the next day (i.e., 1 day after second fraction of radiation), collect bone marrow from the femurs of WT-C57BL/6. Euthanize mice by injecting 0.1 ml of Fatal-Plus intra-abdominally. Dissect skin and muscles from the femurs (hind limbs) of the mouse, and cut off the joints using a blade and blade holder. Wash the bone marrow out of each bone by flushing them with 3 ml of 4% (vol/vol) heparin/PBS solution using a 30-G needle, and collect the marrow in 15-ml tubes kept on ice. Centrifuge the bone marrow cells for 3 min at 500g at 4 °C, and then remove the supernatant. Resuspend the bone marrow cell pellet obtained from one mouse (two femurs) in 600 µl of PBS by using a 16-G needle and filtering through a 70-µm cell strainer. Infuse 150 µl of bone marrow into the tail vein of the recipient Actb-GFP/C57BL/6 mouse of at least 8 weeks of age (i.e., the bone marrow cells from one mouse could be used to transplant three lethally irradiated mice).  crItIcal step Do not crush the bone when cutting off the ends, as it makes bone marrow flushing difficult.  crItIcal step Keep bone marrow cells on ice at all times before transplantation. 4| Wait 4 weeks for the bone marrow to engraft before proceeding to the next steps, while keeping mice in regular cages under sterile conditions. ? trouBlesHootInG parabiosis surgery 5| Anesthetize both mice using 0.4 ml of ketamine/xylazine and a 30-G syringe.  crItIcal step To make sure they wake up at the same time, it is important to anesthetize mice at the same time with the same amount of anesthetic.
MaterIals

6|
Use a clipper to shave the entire right flank of the donor mouse and left flank of the recipient and clean their skin using 70% (vol/vol) ethanol.
7|
Mark the incision line on the skin of the mouse using permanent marker. This should be half an ellipse starting from behind the ear to a point 1 cm anterior-lateral to the tail. For the Actb-GFP/C57BL/6 skin donor, this line should be on the right flank of the animal going from the ear to the ventral side. For the WT recipient, the incision line should be on the left flank going from behind the ear toward the back of the mouse and the tail (Fig. 2a) .  crItIcal step It is important that both incision lines are of the same length and shape. ? trouBlesHootInG 8| Make a skin incision along the incision line in the donor using forceps and scissors. Dissect skin and fat tissue from underlying muscles.  crItIcal step Do not cut the right brachial artery, as this will cause massive bleeding.
9|
Use forceps to lift the muscle from the thoracic ribs and dissect a muscle layer with small scissors and cotton swabs. Cut the intercostal muscles. Work from the ventral to the dorsal side and from anterior to posterior (Fig. 2b) . ? trouBlesHootInG 10| After dissecting the muscle from the thoracic wall, continue separating toward the tail. Use cotton swabs to separate the muscle from the peritoneum and use scissors to cut the ventral edges of the muscle layer. Create a muscle flap of about 2-3 cm in size that folds to the back of the mouse (Fig. 2c) .  crItIcal step The muscle layer and peritoneum join in the ventral midline. To avoid damaging the peritoneum, dissect up to 3 mm from the ventral line.
11|
Move to the recipient mouse and make a skin incision along the incision line. Dissect the skin from the underlying muscle. ? trouBlesHootInG 12| Position the mice next to each other with their heads facing down in the same direction. Use forceps, a needle holder and sutures to position the donor's muscle flap on the intact muscle of the recipient mouse. Make two mattress stitches on the lateral edges of the far end of the muscle flap (Fig. 2d) . 13| Position the pair of mice on their backs and secure the muscle transplant with two more stitches as proximal to the donor as possible (Fig. 2e) . This will create a fixed overlay of 1 cm 2 of muscle tissue to ensure development of a shared circulation (Fig. 2f) .
14|
Close the skin by positioning the donor skin onto the back of the recipient mouse with wound clips (Fig. 2g) . When you are finished, turn the pair and close the ventral skin. Use 5.0 Vicryl sutures to close the corners in the ear and tail areas. The mice should look similar to those in Figure 1a. 15| Administer 0.2 ml of buprenorphine and house every pair of mice individually in a special cage with easy water and food access.
16|
Remove half of the wound clips (alternating, i.e., every other clip) after 1 week.
17|
Remove the remaining wound clips after 2 weeks. separation of parabionts (3 weeks after initial conjoinment) 18| Three weeks after initial conjoinment, anesthetize the mice with ketamine/xylazine.
19|
Cut the donor skin and subcutaneous tissues so that a large skin transplant (2-3 cm) is created from the Actb-GFP/ C57BL/6 donor mouse to be included in the skin of the WT mouse (see Fig. 1b for an example of the final appearance). Close the wound edges with wound clips. After separation, euthanize the donor mouse by cervical dislocation or by injecting 0.1 ml of Fatal-Plus intraperitoneally with a 30-G needle. House the transplanted mouse under pathogen-free conditions and allow the wound to heal (~1 week). tissue collect and processing 22| After 3 weeks, or once metastases have formed, euthanize the mice by injecting 0.1 ml of Fatal-Plus intraabdominally and collect the lungs or other target organs for metastases if you are using a different cell line (e.g., liver).
23|
Fix the lungs in 4% (wt/vol) paraformaldehyde for 6 h, wash them with PBS, and then dehydrate them in 30% (wt/vol) sucrose overnight.  crItIcal step Do not overfix the tissue as this may cause difficulties for immunohistochemical analyses.
24|
Fill appropriate-sized molds with OCT, embed collected tissues and store at − 80 °C.  pause poInt Collected tissues can be sectioned and stained at any time. OCT-embedded blocks can be stored at − 80 °C for over a year.
25|
Use cryostat to cut 20 µm tissue sections. Use standard antibody and counterstaining protocols to further analyze the tissue using a fluorescent microscope.
? trouBlesHootInG Troubleshooting advice can be found in table 1.
• tIMInG Steps 1 and 2, irradiation of Actb-GFP/C57BL/6 mice: 1 h
Step 3, bone marrow transplantation: 1.5 h
Step 4, bone marrow engraftment: 4 weeks Steps 5-17, parabiosis surgery: 1 h
Step 18, separation surgery and skin graft: 15 min
Step 19, skin graft wound healing: 1 week
Step 20, tumor implantation in skin transplant: 10 min
Step 21, tumor growth: 2-3 weeks
Step 22, lung tissue collect and evaluation of metastatic burden: 45 min
Step 23, fixation and dehydration of lung tissue: 2 d
Step 23, embedding lung tissue in OCT: 15 min
Step 24, immunohistochemical analysis: depending on the protocol used, usually 1-2 d.
antIcIpateD results
We used this parabiosis model to quantitatively evaluate the participation of primary site-derived host cells. LLC1 cells were implanted subcutaneously in the GFP + skin transplant, allowed to grow up to a diameter of 10 mm, and then primary tumors were excised to allow metastases to grow. GFP + host-derived cells were detectable in lung metastases in all five animals in which the primary tumor contained GFP + host cells (Fig. 3) . The frequency of the involvement of host-derived cells from primary tumors in distant metastases varied between 27% and 86% of the metastatic nodules. The frequency of GFP + host cells in metastases correlated with the density of GFP + cells in the primary tumor (data not shown). Next, we collected the (Fig. 4) . 
